Interacting entropy-corrected new agegraphic dark energy in 

Brans-Dicke cosmology 

K. Karami, 1 ' 2 '!*) A. Sheykhi, 3 - 2 U M. Jamil, 4 ' 5 i Z. Azarmi, 1 '! and M.M. Soltanzadeh 1 - 

Department of Physics, University of Kurdistan, Pasdaran St., Sanandaj, Iran 
^Research Institute for Astronomy & Astrophysics of Maragha (RIAAM), Maragha, Iran 
3 Department of Physics, Shahid Bahonar University, P. 0. Box 761 75, Kerman, Iran 
<^ • ^Center for Advanced Mathematics and Physics (CAMP), 

<n : 

National University of Sciences and Technology (NUST), Islamabad, Pakistan 



3 

OS 



5 The Abdus Salam International Center for Theoretical 
Physics (ICTP), Strada Costiera 11, Trieste, Italy 
(Dated: July 20, 2010) 



Q^ 1 Abstract 

cd : n 

Motivated by a recent work of one of us [l[], we extend it by using quantum (or 
', entropy) corrected new agegraphic dark energy in the Brans-Dicke cosmology. The 

> 

£■ — ' correction terms are motivated from the loop quantum gravity which is one of the 

o ' 

^sO ■ competitive theories of quantum gravity. Taking the non-flat background spacetime 

^ . along with the conformal age of the universe as the length scale, we derive the 

o 

<^ [ dynamical equation of state of dark energy and the deceleration parameter. An 

important consequence of this study is the phantom divide scenario with entropy- 
^ . corrected new agegraphic dark energy. Moreover, we assume a system of dark matter, 

h : 

radiation and dark energy, while the later interacts only with dark matter. We 
obtain some essential expressions related with dark energy dynamics. The cosmic 
coincidence problem is also resolved in our model. 
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I. INTRODUCTION 

The present acceleration of the universe expansion has been well established through nu- 
merous and complementary cosmological observations [2j. A component which is responsible 
for this accelerated expansion usually dubbed "dark energy" (DE). The combined analysis 
of astronomical observations indicate that nearly three quarters of the universe consists of 
DE with negative pressure. Up to now different DE models have been proposed to explain 
this acceleration while most of them cannot explain all the features of universe or they have 
so many parameters, making them difficult to fit. The dynamical nature of DE, at least 
in an effective level, can originate from various fields, although a complete description re- 
quires a deeper understanding of the underlying theory of quantum gravity. Nevertheless, 
physicists can still make some attempts to probe the nature of DE according to some basic 
quantum gravitational principles. Two examples of such a paradigm are the holographic 
DE (HDE) and the agegraphic DE (ADE) models which are originated and possess some 
significant features of quantum gravity. The former, that arose a lot of enthusiasm recently 
{3-6], is motivated from the holographic hypothesis Q and has been tested and constrained 
by various astronomical observations [8]. The later is originated form uncertainty relation 
of quantum mechanics together with the gravitational effect in general relativity. The ADE 
model assumes that the observed DE comes from the spacetime and matter field fluctua- 
tions in the universe. Following the line of quantum fluctuations of spacetime, Karolyhazy 
et al. [9] discussed that the distance t in Minkowski spacetime cannot be known to a better 
accuracy than 5t = Xtp^t 1 ^ 3 where A is a dimensionless constant of order unity and tp is 
the reduced Planck time. Based on Karolyhazy relation, Maziashvili [h]] discussed that the 
energy density of metric fluctuations of the Minkowski spacetime is given by 

1 Ml 



where Mp is the reduced Planck mass Mp 2 = 8ttG. Based on Karolyhazy relation [9] and 
Maziashvili arguments [uJ,_Cai proposed the original ADE model to explain the accelerated 
expansion of the universe [111. The original ADE has the following energy density 

3n 2 M 2 

Pa = -j^, (2) 
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where T is the age of the universe and given by 



T 



dt 



a da 
~W~a 



(3) 



Also the numerical factor 3n 2 is introduced to parameterize some uncertainties, such as the 
species of quantum fields in the universe, the effect of curved spacetime (since the energy 
density is derived for Minkowski spacetime), and so on. However, the original ADE model 
had some difficulties. For example it suffers from the difficulty to describe the matter- 
dominated epoch. Therefore, a new model of ADE was proposed by Wei and Cai 12), while 
the time scale is chosen to be the conformal time instead of the age of the universe. The 
energy density of the new ADE (NADE) is given by 12] 

1 



3n 2 Ml 



Pa 



T] 



where rj is conformal time of the FRW universe and given by 



dt 

V = I — 

a 



a da 



(4) 



(5) 



The NADE contains some new features different from the original ADE and overcome some 
unsatisfactory points. The ADE models have been examined and studied in ample detail 
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17|. 



It is worthy to note that the definition and derivation of HDE density depends on the 
entropy-area relationship of black holes in Einsteins gravity ]3]. However, this definition 
can be modified from the inclusion of quantum effects, motivated from the loop quantum 
gravity (LQG). The quantum corrections provided to the entropy-area relationship leads to 

ig| . The corrected 



the curvature correction in the Einstein-Hilbert action and vice versa 
entropy takes the form 201 ] 



18 



A ~i A o 

where a and /3 are dimensionless constants of order unity. These corrections arise in the b 
hole entropy in LQG due to thermal equilibrium fluctuations and quantum fluctuations 



(6) 



ack 



2l|. 



Motivated by the corrected entropy-area relation (JSJ), Wei 
of the so-called "entropy-corrected HDE" (ECHDE) as 

p A = 3n 2 M 2 P L~ 2 + aL~ 4 \n{M 2 P L 2 ) + 0L 



221 ] proposed the energy density 



(7) 



where a and (3 are dimensionless constants of order unity. On the other hand, soon after 
"general theory of relativity" was introduced by Albert Einstein in 1915, several attempts 
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to construct alternative theories of gravity were made. One of the most studied alternative 
theories was scalar-tensor theory, where the gravitational action contains, apart from the 
metric, a scalar field which describes part of the gravitational field. The scalar-tensor theory 
was invented first by Jordan {23] in the 1950's, and then taken over by Brans and Dicke 24 1 
some years later. The starting point of the scalar-tensor theory sharing stage with gravitation 
is the idea of Mach. This theory has got a new impetus recently as it arises naturally as the 
low energy limit of many theories of quantum gravity such as superstring theory or Kaluza- 
Klein theory 25j. Because the ADE density belongs to a dynamical cosmological constant, 
we need a dynamical frame to accommodate it instead of Einstein gravity. Therefore the 
investigation on the agegraphic models of DE in the framework of Brans-Dicke theory is 
of great importance. The investigation on the holographic/ age grap hic models of DE in the 



2fH2Q|. 



framework of Brans-Dicke cosmology, have been carried out in 

In this paper we would like to study the so-called entropy-corrected NADE (ECNADE) 
whose L in Eq. ([7]) is replaced with the conformal time 77 of the universe. Therefore we 
propose the energy density of ECNADE of the form 



3n 2 Mp a , . , r9 9 . 8 
Pa = + - In {MW) + ^. (8) 



In the special case a — 8 = 0, Eq. (JS} yields the NADE density (jlj) in Einstein gravity 12 ]. 
Note that in Eq. ([8]) like the NADE density (Tj0) to justify the matter-dominated era, the 
time scale is chosen to be the conformal time instead of the age of the universe. 

The motivation idea for taking the energy density of modified NADE in the form ([8]) 
comes from the fact that both NADE and HDE models have the same origin. Indeed, it 
was argued that the NADE models are the HDE model with different IR length scales 31 |. 
Since the last two terms in Eq. (jSJ) can be comparable to the first term only when rj is very 
small, the corrections make sense only at the early stage of the universe. When the time 
scale 7] becomes large, ECNADE reduces to the ordinary NADE. Although it is believed 
that our universe is flat, a contribution to the Friedmann equation from spatial curvature is 
still possible if the number of e-foldings is not very large (see Huang and Li in 3j). Besides, 
some experimental data has implied that our universe is not a perfectly flat universe and 
recent papers have favored the universe with spatial curvature [32 1. 
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II. ECNADE IN BRANS-DICKE THEORY 

The action of four- dimensional Brans-Dicke theory in the canonical form can be written 
as (33! 

S = j d 4 a; v ^(- ^<P 2 R+ ^r^<R0 + L M ), (9) 

where R is the scalar curvature and is the Brans-Dicke scalar field. The non-minimal 
coupling term <p 2 R replaces with the Einstein-Hilbert term R/G in such a way that G~g = 
2n<j) 2 /u) where G e g is the effective gravitational constant as long as the dynamical scalar field 
varies slowly The signs of the non-minimal coupling term and the kinetic energy term are 

properly adopted to (H ) metric signature. The ECNADE model will be accommodated 

in the non-flat Friedmann- Robert son- Walker (FRW) universe which is described by the line 
element 

,2 _ 1.2 2/,\ ( dr , j, n 2 



ds 2 = dt 2 - a 2 (t) i^Y-^ + r dn ) > ( 10 ) 

where a(t) is the scale factor, and k is the curvature parameter with k = —1,0,1 corre- 
sponding to open, flat, and closed universes, respectively. A closed universe with a small 



positive curvature (flk — 0.02) is compatible with observations 32]. The field equations can 



be obtained by varying action (jUJ with respect to metric (ITU]) which leads 



JL +*) i 

4w V a 2 J V 2u 
-1 ,0 /_ a tt0 k \ 1 „ • , 1 •■ 1 A 1 



— v 2 [H 2 + —J - -0 2 + = Pr + Pm + PA , (11) 



4w V a a z / u 2u 2 V a;/ 

+ 3if0 - i- (- + H 2 + 4) = 0, (13) 
2oj \a a 1 ) 

where the dot stands for the derivative with respect to time and H = a/ a is the Hubble 
parameter. Here pa, Pa, Pr, Pr and p m are, respectively, the DE density, DE pressure, 
energy density of radiation, pressure of radiation and energy density of pressureless dust 
(dark matter). Here the contribution of radiation is also considered. Because according to 
Eq. (jHJ), the last two terms make only sense at the early stage of the universe, i.e. the 
radiation-dominated epoch. 

At this point our system of equations is not closed and we still have freedom to choose 
one. We shall assume that Brans-Dicke field can be described as a power law of the scale 
factor, oc a e . In principle there is no compelling reason for this choice. However, it has 



been shown that for small e it leads to consistent results 



2g,|30J. A case of particular interest 
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is that when e is small whereas u is high so that the product eu results of order unity 28 1. 



This is interesting because local astronomical experiments set a very high lower bound on 



u; in particular, the Cassini experiment implies that u > 10 4 34J. Taking the derivative 
with respect to time of relation oc a £ , we get 

= eH(f>, (14) 

4> = e 2 H 2 (f) + e(f)H. (15) 

In the framework of Brans-Dicke cosmology, we write down the energy density of the EC- 
NADE model in the universe as 



PA= 4V + ? ln l (16) 



which can be rewritten as 

PA = 4^' (17) 

where 

3n 2 (p 2 r] 2 \ Atu J 3n 2 2 ?7 2 ' 
shows the deviation from the NADE model. In the above equation 2 = u/27rG e s. In the 
limiting case G c s — >■ G, expression (Ti~6l) restores the energy density of ECNADE in Einstein 
gravity [171 ] ■ The critical energy density, p cr , and the energy density of the curvature, p&, 



are defined as 

30 2 # 2 3fc0 2 

Pcr = -ST' Pfc = W" (19) 

The fractional energy densities are also defined as usual 

_ /V _ 4a;p r _ _ 4o;p m _ Pfc _ fe _ Pa _ n 2 

iZr " Pcr " 3<f>m 2 > " lm ~ Pcr " 30 2 iP' " Pcr " w " Pcr " HW ln ' [ ] 

A. Noninteracting case 

Consider the FRW universe filled with ECNADE, pressureless matter and radiation which 
evolves according to their conservation laws 

p A + 3H{l + w A )p A = 0, (21) 



p m + 3Hp m = 0, 



(22) 
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p r + AHp r = 0, (23) 

where % = Pa/ Pa is the equation of state (EoS) parameter of ECNADE. Taking the 
derivative of Eq. (1171) with respect to the cosmic time and using Eqs. (IT4"|) . (120]) and 
rj = 1/a we have 



p A = 2Hp/ 



e 1/1 
— + — — 

7 n na \ j n 



7n 



1/2 AauH 2 n A 
+ 



J_/Qa 

na V 7 n 



1/2-, 



(24) 



3n 4 2 7 2 

Inserting this equation in the conservation law ( 12T1) . we obtain the EoS parameter of EC- 
NADE model in the framework of Brans-Dicke theory 



Wa 



•1 



2e 1 

3 7n 



+ 



3na V 



f 2 -l 



7n 



/OaX 1 / 2 8auH 2 n A 
1^7 ~ 9n 4 2 H 



■ , 1 /^A\ 1 /2 

e + — - 

na V 7,, 



(25) 



In the special case a = (3 = 0, from Eq. (fl8|) we have 7 n = 1 and Eq. ( 125]) in the absence of 
radiation restores the EoS parameter of NADE in Brans-Dicke theory |l| 

2 



_ x _2£^ 

3 3na 



(26) 



Comparing Eq. (I25p with (1261) we see that in the presence of correction terms the scalar 
field enters the EoS parameter explicitly. From Eqs. ( 1161) and ( 1251) we see that in the late 
time where 1 and a — > 00 we can neglect the last two terms in Eq. (1251) and we find 

wa = — 1 — 7p-. Thus in the late time universe, although the EoS parameter of ECNADE 
does not feel the presence of the last two correction terms in Eq. ([8]) but for e 7^ it will 
necessary cross the phantom divide, i.e. wa < — 1 in Brans-Dicke theory. This is in contrast 
to Einstein gravity (e — > 0) where wa of ECNADE mimics a cosmological constant in the 



late time 



121- 



Since in our model the dynamics of the scale factor is governed not only by the dark 
matter (DM), the radiation and the NADE, but also by the Brans-Dicke field, the signature 
of the deceleration parameter, 

a 



aH 2 



H 

H 2 ' 



(27) 



has to be examined carefully. When deceleration parameter is combined with the Hubble 
parameter and the dimensionless density parameters, form a set of useful parameters for 
the description of the astrophysical observations. Dividing Eq. (Tl2|) by H 2 , and using Eqs. 
PD, (USD, (USD and (HOD we obtain 

1 



Q 



2e + 2 



[(2e + l) 2 + 2e{eu -1)+Q k + 3Q A w A + 



(28) 
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where wa is given by Eq. ( 125]) . 

We can also obtain the equation of motion for Q A . Taking the derivative of the last Eq. 
( 1201) and using relation Q A = HQ' A , we obtain 



H 2 na V 7„ / F 7„ 



(29) 



where the prime denotes the derivative with respect to x = In a. Finally, using Eqs. (THj) . 
flUD, (EH]), (E7D and j) = 1/a we obtain 



= 20a 



1+ 1 /Ovy/ 2 | / l-7n { 4cuaH 2 n A 
na\~j n ) V 7 n 3n 4 2 7 2 



na V 7„ 



(30) 



B. Interacting case 



Our aim here is to construct a cosmological model based on the Brans-Dicke theory of 
gravity and on the assumption that the pressureless DM and ECNADE do not conserve 
separately but interact with each other. Since we know neither the nature of DE nor the 
nature of DM, a microphysical interaction model is not available either. However, pressure- 
less DM in interaction with DE is more reasonable than just another model to describe an 
accelerated expansion of the universe. Indeed, this possibility is receiving growing attention 



. Interac- 



in the literature 35] and appears to be compatible with SNIa and CMB data 
tion causes the ECNADE and DM do not conserve separately and they must rather enter 
the energy balances 

p A + 3H(l + w A )p A = -Q, (31) 
p m + 3Hp m = Q, (32) 



p r + 4Hp r = 0, 



(33) 



where we have assumed the radiation dose not interact with DE. Here Q is an interaction 
term which can be an arbitrary function of cosmological parameters like the Hubble pa- 
rameter and energy densities Q(Hp A , Hp m ). The dynamics of interacting DE models with 
different Q-classes have been studied in ample detail by j^. It should be noted that the 
ideal interaction term must be motivated from the theory of quantum gravity. In the absence 



of such a 
following 



theory, we rely on pure dimensional basis for choosing an interaction Q. Hence 



381 ]. we assume Q = Tp A with T = 36 2 (1 + u)H where u = p m / Pa and b 2 is a 
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coupling constant. Note that T > shows that there is an energy transfer from the DE 
to DM. This expression for the interaction term Q was first introduced in the study of the 
suitable coupling between a quintessence scalar field and a pressureless DM field [39 ]. 
Using Eqs. ( jT4"l) and ( TT9T) . we can rewrite the first Friedmann equation ( fTTj) as 



where we have defined 



Per + Pk = Pr + Pm + PA + 



Dividing Eq. fl34|) by p cr , this equation further can be rewritten as 

f2 r + Vt m + Vt\ + = 1 + 

where 



Per 



-*<i-f). 



Therefore, the interaction term Q can be expressed as 

Q = 3b z Hp A 



(34) 



(35) 



(36) 



(37) 



(38) 



Finally, inserting Eqs. (124")) and (138|) in Eq. (13T|) we find the EoS parameter for the interacting 
ECNADE model in the framework of Brans-Dicke theory 



2e 1 

w A = -1 - + 

3 7n 



3na V 7„ / V 7„ / 



9n 4 2 7^ 
l + fi fc -fi r + 2£fl- — 











L na 


V7n^ - 



(39) 



Comparing Eq. ( 1391) with ( )25|) shows that in the presence of interaction since the last 
expression in Eq. ( 139]) has a negative contribution, hence crossing the phantom divide, i.e. 
w\ < — 1, can be more easily achieved for than when the interaction between DE and DM 
is not considered. 

In the absence of correction terms (a = (3 = 0), from Eq. (TlBl we have j n = 1 and 
Eq. ( 1391) in the absence of radiation recovers the EoS parameter of interacting NADE in 
Brans-Dicke theory [l| 
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On the other hand, when e = (u — > oo) the Brans-Dicke scalar field becomes trivial, i.e. 
(ft 2 = uj /2-kG = 4uMp, and Eq. fl39|) in the absence of radiation reduces to its respective 
expression in ECNADE model in Einstein gravity 17] 

2 ( n 1 aH 2 Q A \fQ A \i/2 2 fl + Q k 



^=- l+ ^a\ 2 -~w^4AfJ -*\-ary (41) 

If we compare Eq. ( |39l) with Eq. (j4lil we find out that when ECNADE is combined with 
Brans-Dicke field the transition from normal state where w A > — 1 to the phantom regime 
where % < — 1 for the EoS of interacting DE can be more easily achieved for than when 
resort to the Einstein field equations is made. 

The deceleration parameter q is still obtained according to Eq. (|28|) . where w A is now 
given by Eq. fl39|) . Also the equation of motion for Q A takes the form (130]) . where q is the 
deceleration parameter for the interacting case. 

In the end, we would also comment on the resolution of cosmic coincidence problem, 
namely, why are the DM and DE densities of precisely the same order today? In other 
words, why the ratio of the two energy densities is of order unity i.e. u = p m /pA — «o? 

where Uq is a finite constant of order unity) To show this, we follow the procedure given in 

4o| . Differentiating u w.r.t. t yields 

i + u r 



u = 3Hu 



Wk + 



u 3H 

To find the critical point, we put f(u) =0 to get 



/(«)■ (42) 



u c = (43) 

Now the cosmic coincidence problem is alleviated if the given critical point is stable i.e. 
f'(u c ) < 0. In other words, a constraint is obtained on the state parameter 

r 

< -gjy- (44) 

Therefore T > (refers to transfer of energy from DE to DM). We emphasize that this result 
holds independently to any form of DE and the gravity theory. Moreover the above result 
holds only if the background geometry is FRW. However to resolve the coincidence problem, 
we need to show that u c is of order unity. This will hold if b 2 ~ 1/4 i.e. for a small but 
positive coupling parameter, which is also compatible with recent observational studies 41]. 
We would also comment that this problem is not resolved by other cosmological models (see 
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III. CONCLUSIONS 

Among various candidates to explain cosmic accelerated expansion, only NADE and HDE 
models are based on the entropy-area relation. This implies that the energy density of NADE 
depends on the length scales taken in the model. For different choices of length scales, the 
dynamics of NADE will be different. Consequently only those length scales are relevant to 
DE models which explain certain physical phenomena like DE dynamical state equation and 
phantom crossing. We have chosen the length scale to be the conformal age of the universe 
motivated by some previous studies. Note that the entropy-area relation depends on the 
gravity theory. When applying the curvature corrections to the gravity theory, it yields 
quantum corrections to the entropy-area relation. Consequently the definition of NADE 
acquires additional terms. These correction terms are important to the DE model when the 
chosen length scale is large or small. In the present model, small length scales yields new 
physics of the NADE. 

We studied an interaction between DE and DM in the Brans-Dicke framework. The exact 
nature of this interaction is not understood due to our ignorance of the microphysics of both 
components. The interaction could be exotic and to be explained via beyond the standard 
model of particle physics theories. The prime motivation behind the assumed interaction is 
to resolve the cosmic-coincidence problem which asks why fl m ~ happens to be at present 
time? If the two energy densities match approximately, it suggests emphatically that the two 
components evolved not independently. In some recent studies, the radiation component also 
las been added to such interaction models to resolve the cosmic-triple-coincidence problem 



43[ with some new interesting dynamical and thermodynamical implications are observed. 



In an earlier study 



the author developed a correspondence between the HDE and the 



Brans-Dicke scalar field and showed that phantom divide is not possible in the Brans-Dicke 
gravity. However if the field is assumed to interact with matter (chameleon scalar field" 
then the phantom crossing is possible in the Brans-Dicke framework [44]. Another study [l] 
showed that phantom crossing is permissible in the Brans-Dicke framework if the HDE is 
replaced with the NADE. In the present paper, we have extended the later study by incorpo- 
rating the correction terms in the NADE definition. An important consequence/prediction 
of the present model is that it allows the phantom crossing of the DE state parameter due 
to the presence of several free parameters. Note that the numerical values of parameters are 



12 



not entirely arbitrary but are of order unity, consequently, sub-negative and super-negative 
values of w\ are allowed for certain choices of these parameters. We emphasize that there is 
only a hint in some observational studies on the possible evolution of the equation of state 
parameter. Up to know, in spite of its shortcomings on the theoretical side, the ACDM 
model appears observationally more solid than any other in the market [45 ]. 
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